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Abstract 
Recent studies report that the stiffness of coal changes, when exposed to sorbing gases such as CH4 and 
CO2. Although this effect might be potentially important for predicting the in situ mechanical behavior of 
coal seams during CH4 production or CO2 sequestration, very little understanding exists on the underlying 
mechanisms. In this paper, we report a single, long-duration mechanical test on a large, cube-shaped coal 
sample (Ruhr Basin, Germany). The sample was subjected to isostatic loading and unloading; first in the 
evacuated state (as received), and then each time after exposing it to pressurized, non-adsorbing He, or 
sorbing N2, CH4, and CO2. We find that exposure to sorbing gases led to swelling, which introduced a 
hysteresis in the stress-strain trajectory followed during mechanical loading. This hysteresis was almost 
absent in the evacuated state, and its magnitude depended strongly on the amount of adsorption-induced 
swelling exhibited by the sample. The apparent bulk modulus determined here for the CO2-equilibrated 
state was approximately 25% lower compared to the evacuated state. We qualitatively consider 
mechanisms that affect the elastic behavior of coal at the matrix and bulk scale, and argue that the 
observed effects are a combined effect of 1) changes in surface roughness at cleat interfaces and 
microfractures, and 2) a thermodynamic coupling between stress state, sorption capacity and swelling 
strain. The changes in stiffness relate to fluid-rock interaction effects, as well as to the presence of 
fractures, and hence not to the inherent elastic properties of the solid phase itself. We discuss the 
characteristics of each mechanism and the connection of the proposed mechanisms with formation-scale 
geomechanical effects of coal layers under conditions relevant to CBM/ECBM. 
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1 Introduction 
 
Accurate predictions of CH4 production rates and the CO2 sequestration potential of coal reservoirs rely 
heavily on understanding of the physical-chemical processes that operate under in situ conditions. An 
important feature uniquely observed in such systems is the strong competition between adsorption-related 
effects and poroelasticity (e.g. Hol and Spiers, 2012; Liu et al., 2011; Palmer and Mansoori, 1998; Pan 
and Connell, 2007; Vandamme et al., 2010; White et al., 2005), and between fluid dynamics and 
poroelasticity (Gensterblum et al., 2013a). Despite the many laboratory and modeling studies that have 
been reported in the literature to date, the manner in which these processes affect formation-scale 
geomechanics remains difficult to understand. In this paper, we aim to separate and describe direct 
mechanisms and feedback effects that influence the mechanical response of coal under in situ conditions 
of isostatic stress and fluid pressure, in particular the recoverable response that is expected to influence 
transport properties. We relate these mechanisms to the properties of the solid phase and changes in these 
due to the sorbing nature of N2, CH4 and CO2, at various scales.  
 
The bulk modulus of the solid, coal matrix framework can be determined using ultrasonic velocity 
measurements (dynamic tests). Morcote et al. (2010) and Schuyer et al. (1954) performed experiments on 
multiple coal core plugs, and showed that tangent bulk moduli systematically increase with coal rank. 
Values are typically in the range 2-12 GPa and show only slight dependence on confining pressure 
(Morcote et al., 2010; Schuyer et al., 1954). Static (mechanical) tests performed on core-scale samples 
show tangent bulk moduli in the range 0.5-15 GPa. These values are typically non-linearly dependent on 
stress state (e.g. data of Gentzis et al., 2007). Mechanically determined bulk moduli are generally lower at 
applied stresses in the range 0-10 MPa because of the added compliance introduced by the presence of 
cleats and fractures at the cm-scale. This effect is well-known in rock mechanics and applies to many 
other rock types (Cook, 1992; Zimmerman, 1985; Zisman, 1933). At stress levels above 10 MPa, or with 
sufficiently consolidated and crack-free samples, the tangent moduli obtained using the dynamic versus 
static methods will be close, as is for example the case in for results reported by Hagin and Zoback (2010) 
for coal cores of one inch in diameter from the Powder River Basin, USA.  
 
Recent papers, however, report that the exposure of both low and high rank coal samples to CH4 or CO2 
changes both the bulk stiffness (De Silva and Ranjith, 2012; Hagin and Zoback, 2010; Masoudian et al., 
2013; Ranjith and Perera, 2012; Viete and Ranjith, 2006) as well as the matrix stiffness (Hol et al., 2011, 
2012a; Lwin, 2011). Interestingly, all studies using mechanical data reported a reduction of stiffness 
relative to virgin-state measurements (De Silva and Ranjith, 2012; Hagin and Zoback, 2010; Hol et al., 
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2011, 2012a; Ranjith and Perera, 2012; Viete and Ranjith, 2006), whereas dynamic tests reveal no change 
(Hagin and Zoback, 2010) or an increase in stiffness (Lwin, 2011). Because static moduli are calculated 
on the basis of external stress-strain data, and dynamic moduli on the basis of ultrasonic wave 
propagation through the solid phase, these observations clearly point in the direction of multiple scale-
dependent processes operating in coal-adsorbate systems. The reduction in stiffness observed in static 
tests has been explained by “adsorptive weakening” or plasticization processes activated by the presence 
of CH4/CO2 in the coal skeleton (De Silva and Ranjith, 2012; Viete and Ranjith, 2007), or alternatively by 
a direct coupling between stress state, sorbed concentration and swelling strain (Hol et al., 2011, 2012a). 
By contrast, the stiffening observed in the dynamic tests has been explained by local compression of the 
solid framework in the coal matrix, caused by an excess pressure generated in the sorbing phase in the 
nanopores (Lwin, 2011). Note that the latter stiffening mechanism clearly disagrees with the idea of 
plasticization, which involves “softening” of the solid framework.  
 
All mechanisms mentioned above operate at the matrix-scale, whereas the mechanical response to 
changes in stress and fluid pressure at the bulk-scale is undoubtedly affected by the presence of cleats, 
fractures and heterogeneous bedding. The scope of this paper is on the feedback effects introduced by 
these features, and their role in coupling the matrix-scale to bulk-scale mechanical response of coal. This 
is poorly understood at present, while at the same time crucial for the upscaling to a geomechanical 
framework at the reservoir scale. 
 
We report a single, long-duration mechanical test performed on a cube-shaped coal sample measuring 
80x80x80 mm; this size is sufficient to contain 8 to 10 cleats in each orthogonal, bedding-intersecting 
direction, and is a good representation of the in situ cleat density. The work reported here is the result of a 
collaborative experimental program involving RWTH Aachen University, Stanford University, and the 
University of Queensland (related reports by Massarotto et al., 2010; Wang et al., 2007; Wang et al., 
2010), and focused on the mechanical response and permeability evolution of coal in CBM/ECBM 
reservoirs. We subjected the sample to mechanical loading and unloading using a polyaxial compaction 
cell, first in the evacuated state, and then each time after exposing it to either helium, or sorbing N2, CH4, 
and CO2. The stress conditions applied during the experiment were isostatic (σ1=σ2=σ3), up to 12 MPa 
effective stress (σe=σi-Pf), and were close to the isostatic stress levels present under in situ conditions for 
the sample tested here. By choosing this procedure of cyclic loading/unloading in the evacuated and fluid-
equilibrated state, we are able to systematically separate elastic and plastic components of deformation of 
the sample, consider their absolute magnitudes and relate these to mechanisms that operate on the large 
scale versus the matrix-scale, including the role of sorbing fluids such as N2, CH4 and CO2. We discuss 
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the characteristics of the mechanisms proposed here, as well as the expected implications of their 
operation on the depletion and saturation behavior of coal layers under in situ conditions relevant to 
CBM/ECBM.   
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
6 
 
2 Methods 
 
We carried out a long-duration mechanical experiment on a single, cube-shaped coal sample. We 
subjected the sample to cyclic loading/unloading under evacuated and pressurized, N2-, CH4- and CO2-
equilibrated conditions. Using fluid pressure, 3D strain, stress and fluid composition data, we investigate 
the effect of sorbing fluids on the mechanical response of our sample. 
 
2.1 Sample origin, preparation and excess sorption characteristics 
 
We used a specimen of a large block of high volatile bituminous coal sample extracted from the German 
Pennsylvanian (Upper Carboniferous, depth 915 m) in the Prosper Haniel Mine, Ruhr Basin, Germany. 
The sampled block had an overall vitrinite reflectance of 0.93%, a fixed carbon content of 58.4±0.8%, 
and a volatile matter content of 31.2±0.4%. Maceral group analysis revealed that the coal contained 
69.8% vitrinite, 11.8% liptinite and 7.8% inertinite. Mineral matter, mainly in the form of pyrite and 
carbonate, constituted 11% of the sample volume. The carbonates were present as distinct horizons in the 
bedding plane. The cleat system and bedding plane were oriented perpendicular to each other. Helium 
pycnometry showed that the sample had a skeletal density of 1.36±0.03 g·cm-3. Comparing this with a 
bulk density of 1.25±0.01 g·cm-3 measured externally on the sample shows that the internal helium-
accessible porosity of the sample was of the order of 8.5%. Inherent moisture content was 3.0±0.2% 
(Table 1). 
 
A cube-shaped specimen of 80x80x80 mm was cut from the large, intact sample using a diamond-powder 
covered sawing blade. The faces of this cube were reasonably parallel and smooth, at least in accordance 
with relevant standards developed by the International Society of Rock Mechanics (ISRM). It was made 
sure that the face-and-butt cleat system was oriented roughly parallel to the cube faces, so that mechanical 
loading of the sample could be achieved in directions normal to the face cleat, butt cleat and bedding 
planes. Fig. 1 shows an image of the sample obtained using CT-scanning techniques, and clearly shows 
the orthogonal set of cleats, as well as the bedding that includes carbonate horizons. After cutting, the 
near-perfect cube was neither dried, nor pre-exposed to any gases. The experiment was performed on the 
sample in “as received” condition, with an inherent moisture content of 3.0±0.2%. 
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Location Basin Lithostratigraphic 
Units 
Age Seam Vit.Ref. Rank 
Prosper 
Haniel mine  
Germany 
Ruhr 
basin 
Westphalia B Pennsylvanian K 0.93  high volatile 
bituminous  
 
 
Vitrinite reflectance  0.93 % 
Maceral group analysis 
Vitrinite  
Liptinite  
Inertinite  
Mineral Matter 
 
69.8% 
11.8% 
7.4% 
11% (Pyrite and Carbonate) 
Fixed carbon content 58.4 ± 0.8 % 
Volatile matter  31.2 ± 0.4 % 
Ash content  7.3 ± 2.2 % mainly Pyrite and Carbonates 
Inherent moisture content  3.0 ± 0.2 % 
 
Sample density   
Skeleton density 1.36 ± 0.03 g cm-3 
Bulk density 1.25 ± 0.01 g cm-3 
 
Pore system  
Helium-derived porosity  8.5% 
DR Micropore volume  3.2 10-2 cm3 g-1 
 
Table 1. Specific sample properties of the Prosper Haniel sample used in this study. Listed are details of the origin, maturity, 
maceral and mineral composition, and porosity. 
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Fig. 1. CT image of a single face of the cube-shaped Prosper Haniel sample (vertical profile), prepared for this study. Note the 
accumulation of pyrite and carbonate material in the cleats and bedding plane. Cleat spacing was approx. 5-10 mm. 
 
Fig. 2. N2, CH4 and CO2 excess sorption isotherms for Prosper Haniel High Volatile Bituminous Coal. The tests were performed 
up to ~16 MPa fluid pressure at a temperature of 45 °C, using  7.2 g of a 0.177-1 mm sized grain fraction for the CH4 test and 
7.411g of a 0.5-1 mm sized grain fraction for the CO2 test. The excess sorption isotherms were constructed using the manometric 
sorption method, as previously employed by Gensterblum et al. (2010; 2009) and Busch et al. (2003) , and parameterized using a 
Langmuir fit. 
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In addition to the mechanical experiments performed on the large sample, manometric sorption tests were 
performed on crushed particles sampled from the intact block, using the same set-up as reported by 
Gensterblum et al. (2010; 2009) and Busch et al. (2003). This was done to demonstrate the potential role 
of adsorption in the mechanical response of the Prosper Haniel coal sample during our main mechanical 
test. Our tests were performed using N2, CH4 and CO2 up to ~16 MPa fluid pressure (Pf) and at a 
temperature of 45 °C (318 K). Details on the experimental set-up can be found in the studies by 
Gensterblum et al. (2010; 2009) and Busch et al. (2003). Excess sorption characteristics are plotted in Fig. 
2. These demonstrate that, at the fluid pressure condition of the mechanical experiment reported in this 
study (Pf=3.0 MPa) the excess sorption capacity of the sample is approx. 0.12 mmol·gcoal-1 for N2, 0.48 
mmol·gcoal-1 for CH4, and 0.76 mmol·gcoal-1 for CO2 (Fig. 2). However, note that the temperature of 
manometric testing was 45 °C, compared to room temperature during the mechanical test. Also note, that 
the manometric tests were performed on crushed samples, instead of the large cube, the obtained excess 
sorption isotherms likely represent the absolute maximum excess sorption capacity under unconfined 
conditions. Finally, note that recent studies report that only small quantities of water in the coal structure 
affect the CH4 and CO2 sorption characteristics (Busch and Gensterblum, 2011; Gensterblum et al., 2014; 
Gensterblum et al., 2013b) and swelling response (van Bergen et al., 2009) of coal matrix material. 
Recognizing that the manometric and the mechanical testing conditions and procedures are different, we 
assume the relative magnitudes of sorption capacities (N2:CH4:CO2 ≈ 1:4:6) obtained here to be 
representative for those under test conditions. 
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Fig. 3a) Schematic two-dimensional drawing of the polyaxial machine used to deform the Prosper Haniel sample at 
effective stresses up to 12.5 MPa. The sample
hydraulic pressures, P1(=σ1), P2(=σ2) and P
transducers. Isostatic stress (for σ1=σ2=σ3) was applied in a stepwise manner, while maintaining a constant fluid pressure P
MPa using He, N2 CH4 and CO2. The system is locate
Engineering, University of Queensland, Brisbane, Australia. Please refer to Section 
et al. (2007) and Wang et al. (2010) for further details. b)
strain gauges. Note, that the right-side plane is the 
 
 
2.2 Experimental set-up and procedure
2.2.1 Polyaxial compaction cell and fluid 
In order to measure the 3D strain response of 
loading in the evacuated and fluid-equilibrated state
polyaxial (or “true-triaxial”) compaction cell
its ability to hold large, cube-shaped samples
10 
 
 (top view) was sealed in a polyurethane jacket (not specifically shown)
3(=σ3), and fluid pressure Pf were measured using Druck PTX 1400 pressure 
d in an air conditioned facility (RT=25°C±1.5°C), at the School of 
2.2.1, and to Massarotto et al. (2010), Wang 
 Three-dimensional drawing of sample, showing the arrangement of 
in situ top of the sample.   
 
pressure system 
the 80x80x80 mm, cube-shaped coal sample 
, we used a high-pressure, hydraulically operated 
 (Fig. 3). This type of compaction cell was chosen because of 
. This shape better matches the 3D cleat-ply structure of 
 
isostatic 
. Applied 
f of 3 
during isostatic 
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coal, and hence allows to couple the 3D strain data to the directional, structural properties of the bulk 
sample, as it responds to underground 3D stress fields. Technical details on the polyaxial system were 
reported earlier by Massarotto et al. (2010), Wang et al. (2007) and Wang et al. (2010).  
 
Stress can be applied to the sample in three mutually orthogonal directions independently up to a 
maximum of 28 MPa stress, mechanically applied at each face of the 80x80x80 mm cube. However, we 
here employed the machine under isostatic conditions only (i.e. σ1=σ2=σ3). The pressure of the hydraulic 
fluid was measured using Druck PTX1400 pressure transducers (60 MPa high range), located in the 
hydraulic fluid lines, and was measured with an accuracy of  ±0.12 MPa. Sealing of the sample from any 
external confining fluids is achieved by means of a thick, single piece skeleton jacket, composed of 
polyurethane rubber (Fig. 3).  
 
The pore fluid system was connected to inlet and outlet ports of the cell, and the relative sample and cell 
positioning such that fluids could be introduced to the sample directly in the face cleat plane direction. 
Evacuation of the sample could be achieved by means of the connected lab vacuum system (Fig. 3). Gas 
pressure Pf was measured by Druck PTX1400 pressure transducers (10 MPa high range), located at both 
the inlet and outlet side of the cell, with an accuracy of ±0.02 MPa. The mean pressure (being an average 
of inlet and outlet measurements) was calculated as the basis of permeability and effective stress 
calculations (following Terzaghi: σe=σisostatic-Pf). When performing fluid displacement tests using two 
components at constant pressure (e.g. when displacing CH4 by injecting CO2), the composition of the 
produced fluids was determined using a Varian CP-3900 micro gas chromatograph (GC) and Thermal 
Conductivity Detector (TCD) located at the downstream end of the fluid pressure system (Fig. 3). The GC 
was externally sourced by helium as a carrier gas. Note, that this excluded the possibility to determine 
helium concentrations in the outflow gas.  
 
Dimensional changes of the sample, in response to the changes in fluid pressure and external stresses, 
were measured using three sets of strain gauges, each fixed to a face of the cube, yielding strains in the 
face cleat, butt cleat and vertical planes. The size of the strain gauges was 9x5 mm, and hence less than 
the cleat spacing of 10 to 25 mm for the range of HVB coals. The gauges are attached using epoxy glue, 
into 2mm-deep recesses in fixed locations opposite cell outlets. The strain gauges were obtained from 
Micromeasurements-Vishay (Model CEA-06-125UN120), and were calibrated to be accurate within 
approximately 0.1% linear strain.  
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Temperatures are measured by transducers upstream and downstream, but were not actively controlled, as 
all tests were carried out at an air conditioned room temperature of 25 °C ± 1.5°C.  However, the actual 
measured mean temperature is used for gas flow and permeability calculations only. 
2.2.2 Stepwise isostatic loading of sample in the evacuated versus fluid-saturated state 
The cube-shaped sample was inserted into the polyurethane jacket, with all faces of the sample, and hence 
the face cleat, butt cleat and bedding planes, oriented normal to the direction of the loading pistons. 
Immediately following installation, the sample was evacuated for 2 h. In the case of loading after 
evacuation, (quasi non-adsorbing) helium was introduced at atmospheric pressure, and the sample was 
loaded stepwise from 0.1 MPa to 10 MPa isostatic effective stress (Terzaghi) in ~1 MPa increments, and 
then unloaded to ~0.1 MPa. This was done three times to assess recoverability and reversibility of the 
sample deformation. The strain response was recorded for each face of the cube to assess strain 
anisotropy, and hence the anisotropy in elastic properties. ote, that we will use the term “evacuated” 
throughout this paper to indicate that the sample has been evacuated, and is exposed to (quasi non-
adsorbing) helium at atmospheric pressure only. 
 
After loading the sample in the evacuated state, the sample was sequentially exposed to pressurized 
helium, N2, CH4 and CO2, with pressure increased after each saturation stage. All gas exposure stages in 
our experiment are therefore performed at a fluid pressure of 3 MPa, and an isostatic effective stress of 6 
MPa.  
 
First, helium as an essentially non-adsorbing gas was introduced to the sample by connecting the pressure 
cell directly to the gas bottle, and the gas pressure was regulated at 3 MPa. Then, a loading cycle was 
performed in a stepwise manner, at effective stress levels between 3 and 12.5 MPa, with quasi-regular 1 
MPa intervals. Then, N2 was flushed through the sample, again at a pressure of 3 MPa, to displace the 
helium. During the gas displacement steps in which no helium was involved, aliquots of the outflow gas 
were sampled each 80 sec and injected into the Varian GC and TCD to determine the composition of the 
outlet fluid. Dimensional changes were measured at all times using the strain gauges. When the relative 
concentrations measured by the GC indicated that sufficient equilibration was achieved, stabilization of at 
least another 24 h was allowed to reach a swelling equilibrium (observed by leveling off of strain gauge 
readings). Once the sample was equilibrated, it was again loaded to 12.5 MPa effective stress, and then 
unloaded to 6 MPa. The procedure of flushing and loading-unloading was then performed with the 
equilibration steps N2→CH4, and CH4→CO2. For all fluids, the loading cycles took about 6-10 h, and 
involved a stepwise increase of the confining stress up to 12 MPa effective stress. Strain, effective stress 
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and fluid pressure data were recorded with 14 bit resolution, at 1 min intervals. Strains are presented 
relative to the dimensional state at the onset of the first loading cycle in the evacuated state. Volumetric 
strains are calculated as the sum of all linear (directional) strains following the simple relation 
εv=εvert+εfc+εbc. 
 
 
Fig. 4. Linear strain versus isostatic effective stress for the cube-shaped Prosper Haniel coal sample in the evacuated state. Data 
were obtained from strain gauge measurements and resolved for the vertical, face cleat and butt cleat directions.  
 
 
Fig. 5. Relative concentrations of CH4, CO2 and N2 during gas displacement steps as obtained via the Varian GC located at the 
outlet of the pore pressure system. Note the s-shaped concentration profile, showing that the displacement in connected void 
system of N2 by CH4, and CH4 by CO2 was effectively achieved in approximately 3 hr. 
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3 Results 
 
Bulk linear strain data recorded during the loading cycles performed in the evacuated state (helium at 
atmospheric pressure present in the pores) are presented in Fig. 4. Relative gas concentrations at the 
outflow during gas displacement are presented in Fig. 5. Swelling strains are presented in Fig. 6, and 
strains recorded during loading of the sample in the fluid-equilibrated state in Fig. 7 through Fig. 9. 
Incremental strains recorded during the fluid-equilibrated loading stages of the experiment were plotted as 
a function of a) isostatic effective stress (Fig. 7 and Fig. 8), b) cumulative swelling strain (Fig. 9), and c) 
time (Fig. 10). Throughout, we adopt the convention that compression strain is measured positive.  
 
3.1 Strain data evacuated state 
 
Loading of the evacuated Prosper Haniel sample (Fig. 4) resulted in a monotonic, non-linear increase of 
volumetric strain up to ~0.6% at 10 MPa of isostatic effective stress. Approximately 50% of the total 
strain was attained below 3 MPa effective stress. A comparison of the three loading cycles performed 
shows that all strains were recoverable and reversible to within 0.03-0.05% (linear) or 0.1% (volumetric), 
which points towards sufficient mechanical (elastic) integrity of the sample. The linear strain data for the 
faces of the 8 cm coal cube show that most strain was attained in the bedding directions, indicating a 
strongly anisotropic response. The general trend observed in the volumetric strain versus effective stress 
data is similar to the data for the individual measurement directions, i.e. the vertical, face cleat and butt 
cleat strain data all show that approximately 50% of the strain was attained below 3 MPa effective stress. 
Strains recorded on the face-cleat plane were generally twice as large compared to the vertical strains. 
Tangent bulk moduli of the sample varied between ~1 GPa at the onset of loading and ~3.2 GPa in the 
range 6-10 MPa isostatic effective stress, indicating ~3 times stiffer behavior at close to in situ stress 
conditions.  
 
3.2 Fluid equilibration and swelling  
 
After performing the multiple, full loading-unloading cycles in the evacuated state, He, N2, CH4 and CO2 
were passed through the sample in sequence, at 3 MPa fluid pressure. Fig. 5 shows the relative 
concentrations of displaced fluids at the outlet of the sample during the gas displacement at 3 MPa fluid 
pressure. As pointed out earlier, the Varian GC used helium as a carrier gas, and hence the release of the 
experimental helium could not be determined. The concentration profiles shown in Fig. 5 are s-shaped, 
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for both the displacement stages N2 to CH4 (Fig. 5a) and CH4 to CO2 (Fig. 5b). Both curves were cut off 
at 180 min. The slope of the concentration profile around the inflection point decreases with increasing 
sorptive interaction of the gas species with the coal material, i.e. the slope decreases in the order 
N2>CH4>CO2. Consistent with this, also the breakthrough time increases in the same order (Table 2). A 
close examination of the concentrations in the full data set (i.e. times later than 180 min - not presented) 
showed an asymptotic evolution of the relative concentrations. Furthermore, the displacement of CH4 by 
CO2 resulted in the continued release of less than 1% of residual N2. This could point at slow outgassing 
of residual sorbed/trapped gas.  
 
Gas 
displacement 
Breakthrough 
beginning time  
tB (c<5%)  
(s) 
End of 
breakthrough 
tE (c>95%)  
 
(s) 
dc/dt  
concentration change 
during breakthrough 
(1/s) 
t0 
breakthrough time 
(s) 
He by N2 1499 4697 0.050 ± 0.0010 1370 ± 44 
N2 by CH4 1832 5255 0.043 ± 0.0003 1863 ± 21 
CH4 by CO2 2414 8607 0.033 ± 0.0006 2260 ± 62 
 
Table 2. Breakthrough times for gas-to-gas displacements; first order parameterization of the breakthrough curve. Prior to tB, 
the outlet solute concentration is less than the arbitrary limit of 0.05. At tB, this value is reached, and the adsorption step should 
be discontinued. if the adsorption step were to be continued for t > tB, the outlet solute concentration will rise rapidly, eventually 
approaching the inlet concentration as entire bed become saturated. The time required to each Cout/CF = 0.95 is designated tE. 
Using a linear regression around the inflection point (25% up to 75%) of the concentration curve of the displacing gas. Slope 
(third column) is a reciprocal coefficient representing relative interaction strength between the coal matrix and the two 
(competing) gases. The x-axis interception provides the theoretical start breakthrough time t0. 
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Fig. 6. Cumulative swelling strain versus time in hr during equilibration with N2, CH4, and CO2,interrupted by short episodes of 
active loading. a) Cumulative volumetric swelling strain evolving in the sample in 50 hr for the cases of N2 and CH4, and 300 hr 
for the case of CO2. At approximately 75% of the maximum (asymptotic) swelling strain, a loading cycle was performed at 3 
MPa gas pressure (see Fig. 7d);  b) Linear strain response of sample equilibrated with CO2. Note the stronger swelling response 
in the direction perpendicular the bedding. 
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Fig. 7a-d. Linear strains versus isostatic effective stress for the cube-shaped Prosper Haniel coal sample in an ~75 % fluid-
equilibrated state. Strain data were obtained from strain gauge measurements and resolved for directions perpendicular to the 
vertical, face cleat and butt cleat planes. Note the anisotropy in strain response, and hence stiffness of the sample. 
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Exposure of the sample to N2, CH4 and CO2 at 3 MPa fluid pressure and 6 MPa isostatic effective stress, 
resulted in a monotonic decrease of volumetric strains (i.e. swelling) (Fig. 6a). When approximately 75% 
of the final volumetric swelling strain was achieved, a relatively rapid isostatic loading-and-unloading 
cycle was performed (see Section 0). The strain data in Fig. 6a show that swelling continued after the 
loading cycle until a new asymptotic value was reached. All strains are reported as cumulative, because 
sorbing gases are displacing each other in sequence, at constant fluid pressure. Total cumulative swelling 
strains ∆εads-[fluid], i.e. the strains attained relative to 0.58% measured strain when loaded to 6 MPa 
isostatic effective stress, were -0.08% for N2, -0.19% for CH4 and -0.76% for CO2 (Fig. 6a). Note again, 
that these strains are reported negative as a consequence of the sign convention chosen here (refer to 
Section 3). With this assumption, the swelling strains measured after gas displacement with CO2 were 4 
times greater than those measured with CH4. Moreover, swelling equilibration took 10-100 times longer 
than the gas displacement monitored by the Varian GC (compare Fig. 5 showing 3 hr flow-through and 
Fig. 6a showing 30-300 hr swelling). 
 
Fig. 6b plots the directional strains for CO2, presented relative to the dimensional state at the onset of the 
first loading cycle in the evacuated state. The relative position of the directional curves can also be taken 
as qualitatively representative for the swelling behavior observed for N2 and CH4. The data show 
anisotropy in the swelling strain response, both in magnitude as well as duration. The magnitudes of the 
swelling strains developed in the face and butt cleat direction are both in the order of approx. -0.2%, 
whereas the vertical strain is approx. -0.4%. By contrast strain evolution is relatively fast in the face cleat 
direction (approx. 50 hr), but slower in the butt cleat direction (200-300 hr) (Fig. 6b). 
 
3.3 Strain data fluid-equilibrated state 
 
Linear strains measured during active loading and unloading of the sample in the fluid-equilibrated state 
are presented in Fig. 7, and volumetric strains in Fig. 8. The data reveal trends roughly similar to those 
observed for the evacuated case (Fig. 4 and Section 3.1). Again, a monotonic, non-linear increase of 
volumetric strains with increasing isostatic effective stress can be observed in both the directional (Fig. 7) 
and volumetric strain (Fig. 8) curves. However, several important differences can be observed in 
mechanical behavior of the sample in the evacuated versus the fluid-equilibrated state. To highlight these, 
we follow the general procedure presented in Fig. 9a to determine the magnitude of total strains attained 
during loading in each cycle, i.e. the total vertical strain ∆εvert, and total bedding-parallel strains ∆εfc (face 
cleat) and ∆εbc (butt cleat), determined on the basis of linear strains plotted in Fig. 7. We also estimate 
from Fig. 8 the apparent bulk modulus Kapp over the stress interval tested, as well as the magnitude of the 
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hysteresis in volumetric strain ∆εhyst during loading. Finally, we consider the time-dependent aspects 
during loading presented in Fig. 10. Using the obtained parameters ∆εvert, ∆εfc, ∆εbc and ∆εhyst, four 
differences in mechanical response can be observed between the evacuated and the fluid-equilibrated 
cases. 
 
Fig. 8. Volumetric strains versus isostatic effective stress for the cube-shaped Prosper Haniel coal sample resolved from the 
linear strain plotted in Fig. 7. Compare the magnitudes of the loading hysteresis for each loading curve, as well as the effect of 
swelling on the volumetric state. 
 
Gas  
Excess adsorption at  
3 MPa fluid pressure 
nexcess 
[mmol·gcoal-1] 
Cumulative 
swelling strain 
∆εads-[fluid] 
[%] 
Strain anisotropy 
ratio 
 
[%] 
Hysteresis 
volumetric strain 
 
[%] 
Apparent bulk 
modulus 
Kapp 
[GPa] 
Evacuated - 0.00 0.3182 -  
He - 0.00 0.4000 0.060 3.68 
N2 0.12 -0.09 0.4643 0.070 3.96 
CH4 0.48 -0.19 0.4375 0.065 3.65 
CO2 0.84 -0.76 0.6667 0.150 2.79 
Table 3. Excess sorption and cumulative swelling strain values after equilibration for different gases used in the experiment. The 
strain anisotropy ratio, hysteresis in volumetric strain and apparent bulk modulus were determined following the procedure 
explained in Fig. 9a, and are plotted versus swelling strain in Fig. 9b-d. 
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First, we calculate the strain anisotropy ratio as the total vertical strain over the mean bedding-parallel 
strain (2∆εvert/(∆εfc+∆εbc) – from Fig. 9a and Fig. 7), and plot in Fig. 9b this ratio against the total swelling 
strain ∆εads for the individual fluids (from Fig. 6). This was done for each fluid, and is listed in Table 3. 
We now compare the points for the various fluids Fig. 9b) and find that the strain anisotropy increases as 
the sample has experienced more swelling, i.e. the increasing trend shown in Fig. 9b qualitatively shows 
that vertical strains are dominating compaction increasingly more with increasing swelling. The swelling, 
in turn, is strongly dependent on the type of fluid used. For the sorbing fluids N2, CH4 and CO2, the 
magnitude of loading–induced strain is the greatest in the vertical direction. This is clearly in contrast 
with the response observed in the evacuated state, where the bedding plane was most compliant (compare 
Fig. 4). 
 
Second, we plot in Fig. 9c the hysteresis in volumetric strains (∆εhyst) for the fluid-equilibrated state as 
function of the total swelling strain ∆εads accumulated in the sample after equilibration with the individual 
fluids (Fig. 6). The closely linear trend observed in Fig. 9c clearly shows that increasing swelling results 
in larger strain hysteresis during loading and unloading. We make an important note here. The example 
data for CH4 presented in Fig. 9a show that the strain-stress loop is not completely closed. In all cases, 
strains after the loading and unloading cycle were lower compared to the strains before. This ‘mismatch’ 
is at least partly related to ongoing swelling of the sample during the approximately 10 hours the loading 
took. At the same time, we observe that the magnitude of this swelling-related mismatch in strain is 
smaller than the strain hysteresis itself. On this basis, we are confident that the trend observed in Fig. 9c is 
not related to lack of equilibration, but instead to the true volumetric behavior of the sample during 
loading.  
 
Third, the stiffness of the sample appears to decrease during the course of the experimental series. The 
apparent bulk modulus Kapp of the sample was determined following the procedure presented in Fig. 9a 
for the sample equilibrated with all gases and yielded values of 3.68 GPa for helium, 3.96 GPa for N2, 
3.65 GPa for CH4, and 2.79 GPa for CO2 (Table 3 and Fig. 9d). From these results it is clear that exposure 
of the coal sample to CO2 gives rise to 25% more compliant behavior compared to exposure to helium. 
  
Finally, we present in Fig. 10 volumetric strain as a function of time for the all four different fluid-
equilibrated loading cycles. We observe that for most loading steps in case of helium, N2 and CH4, strain 
was achieved almost instantaneously. By contrast, CH4 at higher stresses, and CO2 throughout, clearly 
show time-dependent expansion and compaction. Note, the presence of a time-dependent strain response 
that is most pronounced for CO2.The CO2 strain data (Fig. 10d) show that the stepwise reduction in 
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isostatic effective stress from 6 MPa to 3 MPa gives rise to time-dependent expansion. Loading to the 
highest applied isostatic effective stress of 10 MPa, on the other hand, results in a time-dependent 
compression of the order of approximately 0.02 % (Fig. 10d). The N2 loading curve shows similar 
behavior, although smaller in magnitude. Unfortunately, the applied effective stress was too unstable to 
be conclusive on the reliability of this small effect.  
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Fig. 9. Relationship between magnitude/hysteresis volumetric strain during loading and magnitude of swelling strain. a) 
Volumetric strain versus isostatic effective stress for loading sample in CH4 equilibrated state showing defenition of the 
magnitude of the strain hysteresis ∆εhyst during loading and magnitude total strain ∆εvol. b) Relationship between strain 
hysteresis ∆εhyst and cumulative swelling strain ∆εads. Note the positive correlation between the amount of swelling strain 
attained and the strain aniotropy. c) Relationship between hysteresis in the volumetric strain  strain ∆εhyst and cumulative 
swelling strain ∆εads. Note the positive correlation between the amount of swelling strain attained and the strain aniotropy.d) 
Relationship between apparent bulk modulus and cumulative swelling strain. 
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Fig. 10. Volumetric strains for cube-shaped Prosper Haniel coal sample versus time in hr, for four different gases applied during 
testing.  
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4 Discussion 
 
4.1 Strain recoverability Prosper Haniel coal 
 
Our stress-strain data showed that cyclic loading and unloading of the sample in the evacuated state 
resulted in non-linear, recoverable compaction, with a maximum strain of 0.6%. Exposure of the sample 
to He, N2, CH4 and CO2, at 3 MPa fluid pressure and 6 MPa isostatic effective stress, lead to a subsequent 
swelling which depended strongly on the type of fluid sorbed (max. 0.05% for N2 and 0.7% for CO2). 
Although loading and unloading of the sample in the each fluid-equilibrated state resulted in a roughly 
similar recoverable strain response, the stress-strain trajectory followed in each case was characterized by 
a strong hysteresis. The hysteresis in our mechanical data (observed in Fig. 7 through Fig. 8) is of the type 
commonly observed in uniaxial loaded, fractured rocks (i.e. irreversible, but closely recoverable - David 
et al., 2012; Jaeger et al., 2007; Walsh, 1965), but also in the case of isostatic loading of anisotropic rocks 
(see Skurtveit et al., 2012 for a North Sea shale sample exposed to brine). Furthermore, a comparison of 
the magnitude of apparent bulk moduli obtained here with the bulk moduli obtained through ultrasonic 
velocity measurements (Morcote et al., 2010; Schuyer et al., 1954) yield relatively low values both in the 
evacuated and fluid-equilibrated states. The observed hysteresis in the stress-strain trajectory, combined 
with the relatively low bulk moduli, suggest that deformation in both the evacuated and fluid-saturated 
state is primarily concentrated in cleats and fractures, and not the solid phase. For the evacuated case, the 
strain response in the bedding direction is approx. 60-65% higher compared with strains in the direction 
perpendicular to the bedding (Fig. 4). Also, strains in bedding direction exhibit strong non-linearity as a 
function of stress. This provides additional support for the suggestion of a cleat-related elastic response. 
 
Isostatic loading of the cube-shaped Prosper Haniel sample in the evacuated state also resulted in 
anisotropic compaction. Strains recorded on the face-cleat plane were generally twice as large as the 
vertical strains. The fracture-related strain anisotropy observed for the evacuated case is clearly in 
contrast with the behavior observed in the fluid-equilibrated state. Here, the strain hysteresis observed 
was greatest in the vertical direction, and depended strongly on the amount of adsorption-induced 
swelling exhibited (Fig. 9c). Although moduli were low in both the evacuated and fluid-equilibrated 
states, this swelling-related anisotropy suggests that the hysteresis in the fluid-equilibrated state bears a 
direct relationship not only with pre-existing cracks or cleats, but also with the adsorption processes itself 
that is operative in the matrix. Combining all directional strain components into a volumetric strain, 
shows that the sample exhibits up to 25% lower apparent bulk moduli in the fluid-equilibrated state, i.e. 
the stiffness of our bulk coal sample was reduced by exposure to sorbing fluids (Fig. 9d). 
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4.2 Changes in bulk stiffness related to adsorption 
 
Dual porosity, single permeability reservoir simulators generally represent contacts between swelling 
matrix blocks (cleats) as non-tortuous, zero-volume discontinuities with a stress-dependent “cleat” 
compressibility (Connell et al., 2010; McKee et al., 1988; Shi and Durucan, 2004). Although this 
assumption proves highly practical in representing fluid flow through cleats, it does not account for direct 
changes in mechanical response during fluid depletion and re-saturation. 
 
Our results show that the stiffness of bulk coal material reduces when exposed to sorbing fluids, which is 
in qualitative agreement with observations reported by other authors. However, a limited number of 
satisfactory thermodynamic or mechanical explanations have been proposed. In this section, we will 
discuss the possible cause of the bulk stiffness reduction and will consider two, scale-dependent classes of 
mechanisms and their physical characteristics. By using appropriate theoretical/thermodynamic 
expressions, we will demonstrate that these mechanisms can indeed lead to a change of coal stiffness at 
the bulk scale. Focusing on the relative importance of the physical behavior under in situ conditions, we 
finally consider some aspects of upscaling, and the relevance of this to CBM/ECBM operations. 
4.2.1 Mechanism 1: Changes in surface roughness at cleat interfaces and microfractures (cleat- and 
bedding-scale) 
Overall, the mechanical data presented here, in particular in Fig. 9b and Fig. 9c, suggest that horizontal 
strains become relatively less dominant in the volumetric strain response after equilibration with sorbing 
gases. Mechanisms causing the change in strain response (and hence bulk stiffness) are therefore expected 
to be related to the different role fractures play in the stiffness perpendicular to the bedding plane versus 
that parallel to it. Following, we will discuss these two directions separately. 
 
In the bedding-parallel (horizontal) direction, the stiffness of the sample is clearly determined by the 
presence of cleats. In order to explain how this cleat-related stiffness is affected by the concentration of 
sorbed gas, we first need to understand the basic relationship between swelling strain, sorbed CO2 
concentration and cleat density of coal in general under unconfined conditions, separated from poroelastic 
effects. To do this, we utilize swelling strain data reported in the literature, and plot these against sorbed 
concentration. Fig. 11a presents an example of volumetric strain data, experimentally obtained by Day et 
al. (2008) on unconfined samples at increasing gas pressure, plotted against sorbed CO2 concentration. 
We solely plot these data to explain the procedure we follow to establish a relationship between swelling  
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Fig. 11. a) Volumetric strain, experimentally obtained by Day et al. (2008), versus 
are presented using white dots. Note, the s-shaped dependence of swelling on CO
concentration-dependent domains of strain. Data corrected for poroleastic compression are presented using b
intercept of the linear swelling-adsorption fit with the y
non-linearity. b) Remaining strain offset versus the effective sample width (i.e. the cube root of the sample volume) for various 
data sets obtained from the literature. Error bars indicate worst case errors related to poor fitting and non
from parameterization of the literature data
density on measured swelling strain. 
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sorbed CO2 concentration. Measured data 
2 concentration, and the the three 
-axis, the remaining strain offset, is taken as a measure for a low
. Note larger remaining offsets for bigger samples, suggesting an effect of cleat 
 
 
lack/grey dots. The 
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strain and cleat concentration based on literature data, and not to suggest a certain relation between the 
Hunter coal (Day et al., 2008) and the Prosper Haniel coal tested here. The measured strains plotted in 
Fig. 11a (white circles) show an s-shaped dependence on CO2 concentration, which suggests three 
concentration-dependent domains of strain are manifested in the sample. The change in slope is greatest, 
and most linear, at sorbed concentrations between 0.2 and 1.1 mmol·gcoal-1. Above 1.1 mmol·gcoal-1, the 
slope gradually decreases until flattening at ~1.7 mmol·gcoal-1. This effect is recognized by other authors, 
and is attributed to superposition of adsorption-induced and poroelastic strains (Hol and Spiers, 2012; Pan 
and Connell, 2007; Vandamme et al., 2010), where at higher CO2 pressure (here: above ~4 MPa) 
poroelastic compression of the matrix significantly affects the measured swelling strains. Correcting the 
data of Day et al. (2008) for poroelastic effects (following Hol and Spiers, 2012), yields a roughly linear 
trend that extends down to ~0.2 mmol·gcoal-1 (Fig. 11a). Despite the fact that superposition of adsorption-
induced and poroelastic strains works well for high pressure data, the model is unsuccessful at very low 
concentrations, i.e. below ~0.2 mmol·gcoal-1 in the data of Day et al. (2008). To date, no explanations exist 
for the “remaining strain offset”. We then took multiple swelling strain data sets for different samples 
reported in the literature (Astashov et al., 2008; Battistutta et al., 2010; Ceglarska-Stefanska and 
Czaplinski, 1991, 1993; Cui et al., 2007; Day et al., 2008; Hol and Spiers, 2012), and quantified the 
magnitude of the “remaining strain offset”. Only high pressure data (Pf>6 MPa) by Hol and Spiers (2012), 
and Day et al. (2008) were corrected for linear poroelastic effects. Fig. 11b presents this offset as a 
function of the effective sample width (derived from the cube-root of the sample volume). Error bars 
represent worst case errors; in most cases linear fits could be made with R2>0.99. The plot presented 
clearly shows that the remaining strain offset at low CO2 concentrations appears to be the largest in bigger 
samples, and is closest to zero for samples with an effective width below the typical cleat spacing. This 
strongly suggests that the remaining strain offset correlates with sample size, and more general, that the 
presence of cleats in larger coal samples directly affects the measured bulk swelling strain. The effect is 
seen at low concentration/fluid pressure, and is evident in almost all data sets that report data on >cm-
scale samples. The cube-shaped Prosper Haniel coal sample used in this study has an effective width of 
80 mm, and therefore, its swelling behavior is expected to show a significant contribution of strain 
accumulated in the cleats (strain offset), possibly of the order of 0.6% volumetric strain for equilibration 
with CO2. 
 
To understand the inherent relation between the presence of cleats and strain during active loading, we 
focus in more detail on the role of surface roughness of cleat contacts, i.e. on the role of asperities. A 
primary reason for the presence of asperities at cleat contacts is heterogeneity. Coal macerals have 
different swelling properties (Milligan et al., 1997), which, can even lead to local strain differences within 
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the coal matrix (Karacan, 2003, 2007), and at surfaces (Brenner, 1983). We propose that the introduction 
of sorbing gases in cleat-bearing coal samples causes heterogeneous swelling of macerals along cleat 
interfaces, which alters the surface roughness of the matrix block between cleats. Because opposing 
matrix block surfaces will thereby misalign slightly, the normal stresses transmitted across the cleats will 
be intensified at specific asperities, and thus the effective mechanical stiffness will decrease. This 
mechanism is fully consistent with the idea of stress-dependent “cleat” compressibility (Connell et al., 
2010; McKee et al., 1988; Shi and Durucan, 2004), only with the addition of a change in stress-
dependence with type of sorbing fluid. 
 
In the direction perpendicular to the bedding plane (vertical direction), the presence of cleats plays no role 
(assuming an ideal matchstick system), and hence strains must be associated with the mechanical 
behavior of macerals and microfractures only. In this vertical case, the abovementioned heterogeneous 
swelling of macerals may result in opening of pre-existing microfractures (Harpalani and Mitra, 2010; 
Massarotto et al., 2010), or the formation of new microfractures (Hol et al., 2012b). Previous studies 
indicate that the latter results in irreversible and slightly non-recoverable deformation, and frequently 
extends pre-existing cracks on the maceral boundaries in the bedding plane (Hol et al., 2012b). This may 
also explain the possible decrease in yield strength upon exposure to sorbing gases observed in some coal 
samples (Ranjith et al., 2010; Viete and Ranjith, 2006), and possibly not in others (Ates and Barron, 
1988). The fractures formed, typically result in a hysteresis in swelling strain versus fluid pressure curves 
(Hol et al., 2012b; Moffat and Weale, 1955). We postulate that the increase in microfracture aperture and 
change in surface roughness after treatment with sorbing fluids will result in misalignment of bedding 
contacts, and hence more compliant behavior in the saturated and swollen state.  
 
Although no microstructural analyses were performed on our sample to confirm the formation of cracks, 
we put forward two lines of evidence deduced from our mechanical data that support our claim. First, the 
magnitude of the strain anisotropy during loading was a clear function of the magnitude of the adsorption-
related strain component at equilibrium (Fig. 9b). Recall, that “anisotropy” is defined here as the ratio of 
the vertical strain over the mean strain in the bedding plane (2∆εv/( ∆εfc +∆εbc)), and hence the consistent 
increase of anisotropy observed as a function of swelling strain at equilibrium (for different gases) 
suggest that the vertical strains directly relate to the swelling process itself. Contact mechanics at the cleat 
interface (horizontal) become of less relative importance in comparison with the direction perpendicular 
to the bedding after equilibration with sorbing gases. Second, the magnitude of the hysteresis in 
volumetric strain is mainly related to changes in the vertical strain component, and is consistently larger 
for the case where adsorption-related swelling strain is larger (Fig. 9c). Heterogeneous swelling-induced 
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microfracturing (disjoining bedding planes) is hence clearly consistent with the observed increase of 
elastic anisotropy. A possible reason for microfracturing manifesting itself most in the CO2 equilibrated 
state is that the coal sample has been exposed to CH4 in the in situ case, and is hence capable of 
accommodating initial heterogeneous swelling induced by the adsorption of CH4.  
 
 
 
 
Fig. 12. a) Schematic of a rough contact between two coal matrix blocks separated by a cleat. The surface roughness of the 
contact is laterally repeatable. b) Distribution of initial asperity heights in three scenarios considered here. 
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On the basis of the above arguments, we propose that the bedding-parallel, swelling-induced 
microfracturing observed by others must have significantly contributed to the stress-strain hysteresis and 
reduction in stiffness seen in our coal sample in the direction perpendicular to the bedding, notably when 
exposed to CO2. It is crucial to realize that strains related to compression of the swelling-induced 
microfractures can never be larger than the initial, maximum bulk swelling strain measured after 
equilibration, because the latter strain includes the strain associated with a maximum opening of the 
fractures. Comparing the mechanical data presented in Fig. 6 and Fig. 8 indeed shows that the compaction 
strains in the presence of sorbing gases (e.g. approximately 0.3% volumetric strain for CO2) are smaller 
than their swelling strains (approximately 0.75% cumulative swelling strain for CO2). Our mechanical 
data are hence fully consistent with the idea that microfracturing is responsible for the reduction in 
stiffness in the vertical direction. 
 
To demonstrate that a) a change of asperity dimensions at cleat contacts (horizontal direction), and b) the 
formation of microfractures (vertical direction) can significantly contribute to the observed reduction in 
bulk stiffness, we adopt contact mechanics theory developed progressively by several authors (e.g. 
Almqvist et al., 2011; Berthoud and Baumberger, 1998; Pastewka et al., 2013). The theory considers the 
frictionless contact between two elastic solids with a known stiffness. The surfaces of both solids have 
specific height profiles h0(x) and h1(x), which are effectively mapped as a single height profile h(x) of a 
rigid substrate, in contact with an elastic solid. Please refer to Fig. 12a, modified from Almquist et al. 
(2011), for a schematic drawing of the situation considered. The total, one-dimensional bulk stiffness of 
the material is assumed to be a simple series of springs, obeying the expression, 
1 1 1 1
1 2tot iK K K K
− − − −
= + +        (1) 
Focusing now on Ki, a generalization of the above yields that the interfacial stiffness can be expressed as 
(following Berthoud and Baumberger, 1998), 
0
effn
iK
u
σ
=
         (2) 
where σeffn is the effective normal stress in MPa acting across the contact, and u0 is the characteristic 
length in µm (see Fig. 12). The latter can be viewed as an explicit measure of surface roughness, which 
we write as a function of the root-mean-square of the average asperity height profile hrms, and an 
empirical factor 0.4 (discussed in detail by Almqvist et al., 2011), 
( ) 20 0.4 0.4 ,rmsu h h x y= ⋅ = ⋅       (3) 
The surface roughness of our coal sample is expected to be small and the applied stresses high, so that the 
above theory is applicable to the problem considered here (refer to Pastewka et al., 2013 for an analytical 
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solution applicable to low normal stress). We now use Eq. 1-3 to evaluate the effect on interfacial 
stiffness of a small increase of surface roughness, and its subsequent contribution to the bulk modulus.  
 
In applying the model, we assume a Gaussian distribution of initial asperity heights (Fig. 12b). These 
asperities themselves relate to the compositional heterogeneity. Three scenarios of initial maximum 
asperity amplitude hini are considered, namely: 0.1 µm, 1 µm, and 10 µm (Fig. 12b), and a fixed matrix 
modulus of 2.5 GPa. We insert the asperity distribution into Eq. 3 to obtain u0, and then calculate the 
interfacial stiffness Ki using Eq. 2. The total stiffness, both for the evacuated (initial) state (Ktot-ini), and the 
swollen state (Ktot-s), is then obtained using Eq. 1. The next step is to consider an increase in local asperity 
height, caused by heterogeneous swelling. The consequent reduction in one-dimensional stiffness ∆Ktot* 
in % can be calculated from the stiffness in swollen state relative to the evacuated (initial) state, using the 
following, simple relationship, 
* 100%tot s tot initot
tot ini
K KK
K
− −
−
 
−∆ = ⋅ 
 
      (4) 
 
Fig. 13 plots the reduction in (one-dimensional) stiffness, or modulus, as a function of increase in initial asperity amplitudes 
(∆h). The analytically obtained dependence shown in  
Fig. 13 demonstrates that the three asperity height scenarios can all result in a significant reduction of bulk stiffness, which 
clearly supports the idea proposed in this section that small changes in asperity height induced by heterogeneous swelling or 
microfracturing can lead changes in bulk stiffness. Comparing now the three height scenarios considered in Fig. 12 and 
evaluated in  
Fig. 13, we immediately recognize that the contact modulus of a specific surface with initially small 
roughness amplitude (low hmax, 0.1 µm in Fig. 12b) is most sensitive to changes in surface roughness. 
This implies that the stiffness of existing rough contact is less sensitive to a given change in roughness, 
than a new-formed, or existing smooth contact (compare cleat roughness with bedding/microfracture 
roughness - Fig. 12a). Our data show exactly this effect, namely the formation of microfractures in the 
bedding influences the vertical strain greater than the cleats do for the horizontal directions. Note, 
however, that the theoretical model used here drastically oversimplifies the true surface properties of cleat 
and fractures in coal material, their orientations, as well as the changes in induced in this by adsorption 
and swelling. Even so, we see that it is in semi-quantitative agreement with the experimental results 
reported, and we are therefore confident that our interpretation is valid. Swelling-induced changes in 
surface roughness at cleat interfaces and microfractures can significantly contribute to reducing the bulk 
modulus of coal. 
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Fig. 13. Reduction in modulus versus change in asperity height, computed and plotted for the case where roughness at cleat 
surfaces is considered.   
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4.2.2 Mechanism 2: Thermodynamic coupling between stress state, adsorption capacity and swelling 
strain (maceral-scale) 
The concentration profiles observed in the GC data (Fig. 5) suggest that fluid displacement and changes 
in gas composition in the Prosper Haniel sample were effectively completed in approximately 3 hours. 
This is in contrast with the time required to attain swelling equilibrium (30 hr for N2 and CH4, and 300 hr 
for CO2 - Fig. 6). Moreover, the GC data showed continuous outgassing of residual N2 and CH4 during 
the CO2 stage of the experiment. From this contrast in time and chemical composition profile, we infer 
that the first 3 hours of the GC data are dominated by flow and gas exchange in the face cleats only (recall 
from Section 2.2.1 that the fluid inlet and outlet ports were connected in the face cleat direction), and that 
equilibration of the complete sample occurred much later, due to diffusion through the matrix being 10 to 
100 times slower the cleat flow rate. Any direct relationship between gas adsorption in the matrix and the 
mechanical response of the bulk sample is therefore expected to develop relatively slowly. 
  
For the case of helium and CH4, loading and unloading results in an almost instantaneous volumetric 
response (Fig. 10a and Fig. 10c). Time-dependent strain data recorded after N2 equilibration were 
inconclusive, because of instability in the applied effective stress (recall Section 0), and after equilibration 
with helium, equilibrium is achieved in less than 1 hour. The quasi-instantaneous response is clearly in 
contrast with the behavior observed for CO2 (Fig. 10d). Here, time-dependent strains can be observed for 
all loading steps, where equilibrium is not reached within the first hour. Furthermore, for the CO2 
equilibrated sample, unloading gives rise to enhanced swelling and loading to 12.5 MPa and 10.0 MPa to 
enhanced compaction. Similar time-dependent strain behavior, i.e. a time-dependent CO2-related response 
contrasting with the behavior with He, was observed by Hol et al. (2011), and was described in terms of a 
direct coupling between stress state, adsorption capacity and swelling strain. Following, we will explore 
the potential contribution of this effect in determining the bulk modulus of our sample. 
 
To demonstrate that the direct thermodynamic coupling between stress state, adsorption capacity and 
swelling strain can be related to apparent changes in the effective bulk stiffness of coal, we consider the 
theory developed by Hol et al. (2011), which states that 
1 1 1 poro des
matrix app poro des
e
K K K
ε ε
σ
− − −
−
+
= + =
     (5) 
where the apparent stiffness Kmatrix-app in MPa is expressed as a function of the applied effective stress σe 
in MPa, the poroelastic strain εporo, and the stress-induced desorption strain (shrinkage) εdes. The latter is 
further expressed as 
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0 1des sdes
ini
V m CC CV V
σε
∆ Ω  
= = − 
 
      (6) 
which represents the change in sample volume due to desorption ∆Vdes over the initial sample volume Vini 
in a swollen, stress-free state. The change in sample volume is further defined as a function of the 
apparent molecular volume of the sorbed phase Ω0 in m3·mole-1, the mass of solid ms in kg, and the sorbed 
concentration in the stress free state (C) and stressed states (C
σ
). For the case where the sorbed 
concentration as a function of pressure is limited only by the change in chemical potential of the free fluid 
molecules, we can write the fractional reduction in sorption capacity due to the application of a 
compressive effective stress, i.e. the ratio C
σ
/C in Eq. 6, as (cf. Hol et al., 2011), 
 
0exp eC
C kT
σ σ− Ω 
≈  
 
        (7) 
Here, we explicitly assume that the non-ideal nature of the adsorbate is the principal factor controlling the 
apparent saturation of the adsorbent, and that abundant adsorption sites are available. The above 
relationship (Eq.7) provides us with a direct thermodynamic coupling between external stress state σe and 
sorbed concentration C
σ
 in the matrix. Note, that the removal of fluid mass generates time-dependent 
shrinkage, which is controlled by the rate of diffusion and be observed volumetrically as creep (Hol et al., 
2011; Hol et al., 2013). Conversely, re-adsorption and time-dependent swelling will occur upon 
unloading. In our data, 1) enhanced time-dependent compaction of the sample occurs while applying 
stress, after exposure to sorbing fluids, and 2) larger magnitudes of the compaction strains are observed in 
such as case (Fig. 10 and Fig. 8). From this we infer that, although most strain is occurring in the cleats 
and (probably new formed) fractures, direct fluid-matrix interaction effects are likely to play some role in 
the observed reduction in bulk coal stiffness. Note that, similar to the mechanism proposed in Section 
4.2.1, the strains related to stress-induced desorption and shrinkage cannot be larger than the maximum 
bulk swelling strain measured after equilibration. This condition is also met. 
 
Assuming a linear relationship between swelling and sorbed concentration, i.e. a fixed Ω0 inferred from 
experimental data used as the basis for Fig. 11b, enables us to calculate the reduction of modulus over a 
particular stress range. Choosing effective stress conditions close to those applied in this study (we take 
σe=0-20 MPa), and an initial bulk modulus of 2.5 GPa at zero stress conditions, yields a reduction in bulk 
modulus of 3-15 % at 20 MPa of isostatic effective stress. This is significant, and of the order of the time-
dependent strains we observed in our data. Note, however, that strongly swelling coal material at high 
effective stress will be more sensitive to the direct effect described here. 
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4.2.3 Strain superposition and composite bulk modulus 
The above analyses demonstrate that both changes in surface roughness at cleat interfaces and 
microfractures, as well as the thermodynamic coupling between stress state, adsorption capacity and 
swelling strain can lead to a reduction of static bulk modulus. Both mechanisms lead to “apparent” 
changes in stiffness, in the sense that they are related to fluid-rock interactions and the presence of 
fractures rather than the inherent elastic properties of the solid phase itself.  In the evacuated state, the 
matrix modulus has a fixed value, but in the fluid-equilibrated state it is represented as a composite 
property including the added surface roughness effect and the thermodynamic effect. Interestingly, the 
two mechanisms proposed in this study are operating at different scales (cleat- and bedding-scale versus 
the maceral scale). Hence, the strains associated with the different effects, and the resulting changes in 
moduli, may be treated as additive. A “composite” modulus and the changes thereto, can thus be obtained 
following the rationale presented by Eq. 1, taking into account the directionality in cleats and bedding 
features. In doing this, note that the change in matrix stiffness related to the thermodynamic coupling 
between stress state, adsorption capacity and swelling strain, occurs at the matrix-scale itself, and 
therefore alters the value of the matrix modulus used in Eq. 1, Section 4.2.1. As a consequence, the only 
correct scaling operation can be to go from the matrix scale to the formation scale, not vice versa. 
 
4.3 Upscaling to seam-scale geomechanics 
 
The morphology of coal layers is characterized by a cleat-matrix system, where multi-scale heterogeneity 
and anisotropy affect fluid transport and mechanical properties. We have considered the direct and 
indirect coupling between adsorption processes and the mechanical response of the bulk rock that can be 
seen in our laboratory data. An important remark should be made here on coal rank. The present study is 
performed using a high volatile bituminous coal sample, bearing a well-developed cleat system. Care 
should be taken when extrapolating our findings to lower rank coal, as structural features, including the 
developed cleat-matrix system, may be different. 
 
Incorporating the underlying mechanisms reported here into reservoir simulations could clearly improve 
predictions of reservoir performance, despite the computational load. To do this most effectively, the 
relevance and importance of each mechanism must be assessed for the prediction of reservoir 
performance during CBM and ECBM. 
 
Although further experimental work is required to constrain the stress, pressure and temperature 
conditions, their rank-dependence, as well as the scale of operation of the mechanisms proposed in this 
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study, the models are in strong agreement with the experimental observations reported. This leads to the 
general premise that for large, multi-cleat-bearing coal samples (as tested in this study), cleat density and 
aperture dominate the change in stiffness. Conversely, coal samples bearing few cleats, or subject to high 
stress states, will be affected strongly by direct, thermodynamic effects in the matrix. Although cleat 
aperture effects were overprinted in our study by microfracturing effects (Section 4.2.3), we expect that 
the true in situ relative importance of these two is opposite in effect; microfracturing has a significant 
effect on laboratory measurements conducted under constant stress state, but for many in situ cases, the 
initial stresses in the coal seam upon equilibration with the sorbing fluid will be sufficiently high to 
prevent opening of the fractures. We expect the effect of microfracturing on bulk stiffness, as seen in the 
experimental data reported here, as variable. Likely, cleats, which are naturally compliant, may reduce 
aperture under zero-strain (bulk) boundary conditions by heterogeneous swelling. We realize that this 
consideration raises questions on the direct applicability of laboratory data in predicting the in situ 
geomechanical response of coal seams. At the same time, this emphasizes the importance of identifying 
controlling mechanisms, both at the matrix-scale, as well as the multi-cleat/reservoir scale. The effect of 
stress on adsorption capacity and swelling strain is an example of a direct mechanism that we have 
identified at the smallest scale, i.e. the maceral-scale. The effect is of course dependent only on the extent 
of penetration of the adsorbate into the coal, but has a strong mechanical coupling with the in situ 
conditions, in particular when zero-strain boundary conditions are considered. Indeed, we note that the 
polyaxial cell at University Queensland can be operated at zero-strain boundary conditions (simulating a 
constant-volume reservoir), and future experiments can be performed in this mode to follow-up on our 
findings to date. 
 
Finally, we note that other authors have proposed that plasticization of the macromolecular coal structure 
could be responsible for the reduction in bulk modulus of coal. However, we show here that solely 
mechanical and thermodynamic considerations at the larger scale, namely at the cleat- and maceral-scale, 
evidently offer less complicated explanations for the effect. Moreover, these two mechanisms are clearly 
supported by the appropriate theoretical/thermodynamic expressions. We therefore recommend to taking 
into account as primary operators of reservoir engineering simulators and geomechanical models only 
larger-scale mechanisms related to features such as heterogeneous bedding and cleats. 
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5 Conclusions 
 
We have performed a single, long-duration mechanical experiment on a large, cube-shaped high volatile 
bituminous coal sample, under evacuated and helium-, N2-, CH4- and CO2-equilibrated conditions. Using 
a mean gas pressure of 3 MPa, 3D strains, isotropic stresses, and fluid composition data, we have 
investigated direct mechanisms and feedback effects that sorbing fluids have on the recoverable 
mechanical response of bulk coal.  
 
Our data showed that cyclic loading and unloading of the sample in the evacuated state resulted in non-
linear, recoverable compaction. Exposure of the sample to He, N2, CH4 and CO2, at 3 MPa fluid pressure 
and 6 MPa isostatic effective stress, lead to a subsequent volumetric swelling which depended strongly on 
the type of fluid sorbing (max. 0.05% for N2 and 0.7% for CO2). Although loading and unloading of the 
sample in the each fluid-equilibrated state resulted in a roughly similar recoverable strain response, the 
stress-strain trajectory followed in each case was characterized by strain hysteresis, stronger strain 
anisotropy, and lower bulk moduli. These effects were clearly dependent on the amount of cumulative 
swelling strain exhibited by the sample, with CO2-sorption induced swelling resulting in the strongest 
increase in anisotropy (from 0.63 to 1.31) and hysteresis (from 0.05 to 0.15 volumetric strain), and 
highest reduction of the bulk modulus (~25%).  
 
We conclude that the change in bulk modulus/stiffness observed in our sample is a combined effect of 
two, scale-dependent mechanisms; 1) changes in surface roughness at cleat interfaces (bedding-direction), 
and microfracturing (vertical direction), both caused by heterogeneous matrix swelling, and 2) a direct, 
thermodynamic coupling between stress state, adsorption capacity and swelling strain. Although these 
mechanisms are able to alter the measured stiffness/modulus of a coal sample at the bulk scale under 
laboratory conditions, the true in situ mechanical response of coal seams will be subjected to different 
boundary conditions. Our paper demonstrates the importance of identifying underlying controlling 
mechanisms to accurately predict the reservoir response during CBM and ECBM production. 
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Research highlights 
 
• CO2-swollen coal exhibits stress-strain hysteresis, strain anisotropy and decrease in modulus. 
• Swelling-induced changes of internal surface roughness changes modulus. 
• Thermodynamic coupling stress state, sorption capacity and swelling strain changes modulus. 
• Changes in modulus not related to inherent elastic properties of the solid phase. 
